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Abstract  
Due to the current limiting factor of the energy storage alternative electrical drive (e-drive) concepts are still under 
development and improved battery production techniques are needed. Different research groups are investigating the 
influence of several production processes on the quality of the produced lithium ion battery cell. One investigated 
process is the cutting of the cell electrodes. This paper presents investigations on the influence of a laser cutting 
process on the cutting edge quality of copper and aluminum based electrode materials. The different process 
parameters are examined and the main influencing factors on the quality are determined to ensure an optimized 
processing rate. 
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1. Motivation / State of the Art 
In these days the reduction of CO2 emissions is a societal issue driven by the global discussion about 
the climate change and its impact on political decisions. Concerning the point of individual mobility the 
trend to electric vehicles is a direct consequence of these political guidelines on the one hand and of the 
broad acceptance in society on the other hand. Although technologies for electric vehicles are mostly 
available, introducing the new key components into automotive mass production leads to fundamental 
changes of the established supply chains. Furthermore, huge challenges in the fields of production 
systems as well as processes are to be solved. One of these new components is the traction battery, which 
adds significant value to an electric vehicle, but comes up with a number of unsolved production 
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engineering questions. In the case of a lithium ion cell the production can be divided into two main 
process chains: The cell production and the battery system assembly. Investigations in the field of the 
assembly system design for battery manufacturing and its dependence of the module design are addressed 
in the available literature [1, 2]. Further investigations focus on systems and processes for the mass 
production of lithium ion cells. For this purpose, a laboratory for the applied research in this field was set 
up [3]. In the current state of expansion this laboratory includes a climatic chamber, providing a realistic 
production environment, and two highly automated machines, one for the preprocessing of the electrode 
materials and one for the cell stacking process. In this paper the tailoring of the electrode foil material is 
presented. 
2. Over all process: Production of Lithium Ion Cells 
Lithium-ion cells consist of three different types of foils: the anodes, the cathodes and the separators. 
These semi-finished products are manufactured in the first step of the value chain. Electrodes are made by 
a coating process in which an active layer is applied on a copper (anode) or aluminum (cathode) foil. 
Separators usually consist of porous or punctured polymer film that is extruded out of polymer granulates. 
The next step is called tailoring of electrodes and separators. For z-folding and single sheet stacking, 
precut electrode sheets are essential. For subsequent stacking processes the separator foil has to be cut in 
advance, too. Continuous processes such as flat winding do not require tailoring prior to the cell stacking, 
but the material has to be cut off at the end. In the following process step the cell is stacked. Commonly 
used procedures are single sheet stacking, flat winding or z-folding. Thereafter the stacked cell is finished 
by joining the conductors of the copper and of the aluminum foils, packaging the stack, filling the cell 
with electrolyte and sealing the package under vacuum. Finally, the cell is formatted (first time charged) 
and transferred to a testing and grading process station. Fig. 1 shows the complete value chain for the 
production of the lithium-ion cells. 
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Fig. 1.  Value chain for the production of lithium-ion cells 
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Research demand in the field of automated battery production can be divided into three focus areas. 
The first area is the development of adequate coating processes to ensure a continuous, homogeneous and 
smooth electrode compound. The second thrust area addresses the design, evaluation and acceleration of 
new assembly processes. The third focus area concerns scrap reduction and quality assurance. All three 
areas address productivity and cost-effectiveness as major research goals. In addition, the coating 
technology and the process development have a strong impact on the quality, the performance and the 
safety of the assembled battery cells. 
3. Laser Cutting of the Electrodes 
Mechanical cutting processes, such as die cutting, are state of the art for tailoring of electrode foils. 
Drawbacks of these processes are the high investment costs and the high tool wear. Additionally, a 
change of the shape of the electrode inherently goes along with a redesign of the cutting tools and results 
in significant adjustment costs and time respectively. In contrast, laser cutting is a contactless process, is 
free of wear, offers a fast and flexible adaptation of the cutting geometry and provides increased process 
speeds compared to conventional cutting technologies within the same investment range. Hence, a laser 
cutting process is a promising alternative for the substitution of conventional die cutting. In the research 
project ’Demonstration Center for the Production of Lithium Ion Cells’ (DeLIZ) the processing of the 
electrodes is realized by a recently developed and completely automated production line. The 
implemented cutting process is laser sublimation cutting. The following experiments focus on this 
process. 
4. Objectives and Approach 
The objective of the presented work is to realize a burr free laser cutting process at an optimized 
processing rate using the available system. For this reason the variable parameters of the cutting process 
were analyzed using Design of Experiments (DoE). A cross section analysis of the cutting edge allows the 
evaluation of the applied process parameters. 
5. Experimental Setup 
5.1. Sample Geometry and Electrode Material 
For an automated handling, it is necessary to completely separate the electrodes from the foil in 
complex cutting contours. The cutting geometry of the investigated electrodes is shown in Fig. 2. Due to 
the given geometry, this study is not only addressing straight operations. Rather, the cutting edge quality 
at the corner radius (R = 4 mm) is investigated within the scope of the experiments. The coated electrodes 
are multi material systems, which are supplied as a furled foil. The anodes as well as the cathodes consist 
of a base material and an upper and a lower coating. The thickness of all coatings is 52 μm. The anode’s 
base material is copper and the coating consists of graphite. The base material has a thickness of 10 μm. 
The cathodes are aluminum based with a thickness of 20 μm and coated with LiNiMnCoO2. Due to the 
different layer composition of the cathode and the anode material the laser intensities for the cutting 
processes are expected to be different. 
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see Fig. 7
 
Fig. 2.  Geometry of the cut sample for an anode 
5.2. Experimental Parameters 
The cutting system is developed for industrial use. The setup of the system is defined for this purpose. 
In consequence, not every single process parameter of the laser cutting process could be changed during 
the experiments. The parameters listed in table 1 were varied during this research as the parameters of the 
system are fixed. The laser was an Yb-fiber-laser with a wavelength of ȜYb = 1070 nm and a beam quality 
factor of M2 = 2. The pulse duration is defined to be 30 ns at a pulse energy of 0.2 mJ. The spot diameter 
df is 50 μm with a focal distance of 500 mm. 
Table 1. Varied experimental parameters 
Parameter Unit Investigated Range 
Laser power PL W 50… 100 
Scan velocity vC m/s 0.3… 1.5 
Pulse frequency fL kHz 300… 500 
Focal position ǻz mm -0.75… 1.00 
Flow rate of the capture device % 100 
 
To categorize the quality of the electrode cutting process different target values have to be 
investigated. The target values of the cutting edge are illustrated in Fig. 3. The quality of the cutting 
process is characterized by a small delamination width of the coating x1/2 and a small burr height g1/2 at 
the cutting edge. A high delamination width reduces the electrically isolating coating and in consequence 
the capacity of electrical storage. A high burr at the cutting edge of the base material can perforate the 
isolated material of the lithium ion cell. This leads to an electrical contact between the electrodes and 
causes a breakdown of the cell by a short-circuit fault. The roughness of the cut coating border r1/2 also is 
of interest. It indicates the stability of the cutting process. 
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6. Results and Discussion 
6.1. General Statement 
Due to the different absorption behavior of copper (anodes) and aluminum (cathodes) during the laser 
cutting process and the different layer composition [4], both electrodes have to be discussed separately. 
Design of experiments (DoE) with the method of a Central Composite Design (CCD) was used in the 
presented study. 
6.2. Cutting of the Copper based Anode Material 
For the DoE purpose screening experiments were conducted to identify a suitable central parameter 
setting for a high laser power. Fig. 3 illustrates the described target values and exemplarily shows the 
cross section of a sample which was cut with this central parameter setting. 
x2
g 1
g 2
r1
r2
x1
Upper coating
Lower coating
Base material
z Laser beam   
Fig. 3.  (a) illustration of the layer composition and the target values for the investigations on the cutting edge (r1/2: Roughness, x1/2: 
Delamination width, g1/2: Burr height); (b) cross section of a cutting edge of a copper based anode material 
Within the experimental investigations the laser power PL was identified as the main influencing factor 
on the cutting edge quality. Fig. 4 shows the cross sections of four anodes, which were cut with identical 
parameters except for the laser power PL. A low laser power PL resulted in a partial separation of the 
sample. The sample shown in Fig. 4a was still stuck to the foil at the coating material after the laser 
cutting process. The handling device equipped with a vacuum clamping was not able to separate the 
sample from the foil. However, it could be removed manually; this led to a cracking of the coating. A 
reduction of the laser power to 80 W (Fig. 4b) induced incomplete separation of the copper base material. 
The sample could not be removed due to the incomplete separation of the base material. The coating, 
which was averted to the laser beam, remained unharmed. A laser power of 70 W resulted in a penetration 
of the coating (Fig. 4c). A further reduction of the laser power to 50 W reduced the penetration width of 
the cutting edge in the coating, which was facing the laser beam (Fig. 4d). The base material and the 
coating, which was averted from the laser beam, have not been influenced by the laser irradiation.  
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Fig. 4.  Cross sections of the cutting edge of copper based anode material processed with different values for the laser power 
In Fig. 5 the resulting penetration depth versus the laser power is shown. The thickness of the foil 
material is marked by the chain dotted line. Of course, the penetration depth is limited, as the material is 
completely cut trough when the depth reaches the thickness of the foil. As to be expected, the penetration 
depth increases with the increase of the laser power. At a laser power of 95 W and 90 W respectively the 
electrodes still stick to the foil as the coating was not separated completely. The sample could be 
separated by a manual cracking, see the triangle symbol in Fig. 5. The cutting edge resulting from the 
laser process and the manual cracking were not distinguishable from each other. Therefore, the 
penetration depth from the laser process could not be identified. For a complete separation without 
manual cracking a laser power of more than 100 W has to be applied to reach the highest scan velocity of 
vC =1.2 m/s. 
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cases with a high scan velocity the sum of the induced energy by the laser beam is too small to create a 
stable vapor capillary through the whole foil material. This leads to an insufficient separation, because 
there is remaining material in the cutting zone. 
Due to the high reflectivity of the copper base material a different behavior of the absorption of the 
laser beam is expected during the cutting operation of the anode foil. The investigations showed that the 
cutting process is very stable at coated areas (see geometry and detailing in Fig. 2). But at the butt strap, 
which is an uncoated area, the laser absorption is critical due to the high reflectivity of copper and the 
material is not reliably processed. Fig. 7 shows a picture of a partly separated anode in the area of the butt 
strap. Subsequently, this incomplete cutting leads to a deformation or buckling of the electrodes during 
their sampling and in this way to a process instability in the post joining process of the electrodes. In the 
butt strap area the scan velocity has to be reduced to avoid the insufficient cutting and to realize a reliable 
separation process of the anode material from the foil. 
Incompletely 
separated zones
 
Fig. 7.  Deformed butt strap of an incompletely separated anode material after the sampling operation 
Further available literature also addresses investigations on the cutting process and the delamination 
width [5]. Also, the following equation (1) for the delamination width at the focal position depending on 
the laser parameters is set up. 
 (1) 
with the ablation threshold Fcoating = 1.59 J/cm² and Fcopper = 13.15 J/cm² and the pulse duration t. 
 
According to equation (1) a theoretical delamination of the coating of x2,theo = 16.68 μm on the laser 
facing side can be calculated (ǻz = 0, t = 30 ns). In this study, the measured delamination after laser 
cutting of the anode material with the given parameters was x2,exp = 17.19 μm. Considering a 
measurement accuracy during the experiments, the experimental results are in good agreement with the 
theoretical results.  
6.3. Cutting of the Aluminum based Cathode Material 
Similar to the anode material the cathode material was treated. Also the scan velocity was varied 
during this study. Similar to the cutting process of the anodes, the ability of deep penetrating the 
cathodes’ material and in this case to separate them from the foil strongly depends on the scan velocity, as 
it was expected. In comparison to copper material, a smaller energy input is needed to vaporize the 
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aluminum base material [6]. Fig. 8 shows the resulting penetration depth depending on the scan velocity 
for the parameters PL = 100 W, fL = 500 kHz and ǻz = -0.5 mm. According to this the cathode material 
can be completely cut trough up to a scan velocity of vc = 0.8 m/s. At a scan velocity of vc = 0.9 m/s the 
laser beam still penetrated the base material, but did not separate the material. At higher scan velocities 
the laser only ablates the coating from the foil at the side, which is facing the laser beam.. 
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Fig. 8.  Penetration depth in the copper based anode material versus the scan velocity (PL = 100 W, fL = 500 kHz, ǻz = -0.5 mm) 
The amount of the induced energy to vaporize the material and to form the capillary is also influenced 
by the pulse frequency. Fig. 9 shows the penetration depth depending on the pulse frequency for the 
parameters PL = 100 W, vc = 0.7 m/s and ǻz = -0.5 mm. Low pulse frequencies (fL < 400 kHz) reduce the 
penetration depth in the same way as the increased scan velocity. A small energy input only resulted in a 
one-sided penetration of the foil material. For a high scan velocity (vc = 0.7 m/s) a high pulse frequency fL 
is needed to ensure that the vapor capillary can be held open long enough by the laser beam and to finally 
drill through the foil. 
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Fig. 9.  Penetration depth in the copper based anode material versus pulse frequency fL (PL = 100 W, vc = 0.7 m/s, ǻz = -0.5 mm) 
Fig. 10 shows three cross sections of the cathodes, which were cut with different focal positions ǻz. A 
difference in the delamination width and the burr height can be observed. The behavior and the reasons 
are explained in the following. 
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Fig. 10.  Cross sections of the cutting edge of aluminum based cathode material processed with different values for the focal position 
In Fig. 11 the results for the delamination widths x1 and x2 and the burr heights g1 and g2 are 
illustrated. The behavior can be explained by the characteristic of the laser beam caustic and the resulting 
laser intensity. The highest laser intensity occurs at the focal position and decreased with an increasing 
distance as the laser beam diameter decreases. For the case of ǻz = 0.0 mm the focus position is located at 
the material’s surface and the local laser beam diameter increases through the workpiece’s material. A 
focal position of ǻz < 0 mm results in reduced delamination widths. A burr free laser cutting process was 
only realized at a focal position of ǻz = -0.5 mm. This can be explained by the fact that the focal position 
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is located in the middle of the foil at the base material. Due to the focal position the highest laser intensity 
is applied at the aluminum base material. The delamination width on the laser facing and the adverted 
side are similar, as the laser intensity is also nearly equal on these sides. 
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Fig. 11.  Burr height and delamination width of the aluminum based cathode material depending on the focal position ǻz 
(PL = 100 W, fL = 500 kHz, vC = -0.7 m/s) 
7. Summary and Future Work 
The presented work discussed experiments of laser cutting of electrode materials for the production of 
lithium ion cells. The experiments focused on the cutting edge quality. The cutting edge quality was 
investigated by evaluating the geometrical parameters in macroscopic cross sections. The described 
experiments showed that laser beam cutting is qualified for the separation of the aluminum based 
cathodes and the copper based anodes. In general, the focus position should be placed on the base 
material. Unexpectedly the applicable scan velocity for laser cutting of copper (10μm) was higher than 
for the aluminum based material (20μm) due to the material thickness. The better absorption coefficient 
of aluminum could not compensate the difference in the material thickness. In the butt strap area the scan 
velocity has to be reduced to avoid insufficient cutting and to realize a reliable separation process of the 
electrode’s material from the foil. The following parameter settings are recommended for the production 
with an Yb-fibre-laser (ȜYb = 1070 nm, M2 = 2, df = 50 nm). 
• Copper based anode material: 
Laser power PL = 100 W, scan velocity vc = 1.25 m/s, pulse frequency fL = 500 kHz, focal 
position ǻz = -0.5 mm. 
• Aluminum based cathode material: 
Laser power PL = 100 W, scan velocity vc =  0.8 m/s, pulse frequency fL = 500 kHz, focal 
position ǻz = -0.5 mm. 
Future investigation will focus on different electrode materials and specifications, like a different 
thickness of the base material and coating. Also, the influence of other coating processes and materials on 
the cutting edge quality will be determined. 
 
224   M. R. Kronthaler et al. /  Physics Procedia  39 ( 2012 )  213 – 224 
 
Acknowledgements 
This research was based on the work within in the project ’Demonstration Center for the Production of 
Lithium Ion Cells (DeLIZ)’, which is kindly supported by the German Federal Ministry of Education and 
Research (BMBF). 
 
References 
[1] S. Li, H. Wang, Y.-T. Lin, J. Abell, S. J. Hu: Benchmarking of High Capacity Battery Module/Pack Design for 
Automatic Assembly System, In: ASME Conference Proceedings 2010, 2010, pp. 505–517. 
[2] S. Li, H.Wang, S. J. Hu, Y.-T. Lin, J. A. Abell: Automatic Generation of Assembly System Configuration with 
Equipment Election for Automotive Battery Manufacturing, In: Selected papers of 39th North American Manufacturing 
Research Conference, Journal of Manufacturing Systems 30 (4),2011, pp. 188–195. 
[3] G. Reinhart, T. Zeilinger, J. Kurfer, M.Westermeier, C. Thiemann, M. Glonegger, M.Wunderer, C. Tammer, M. 
Schweier, M. Heinz: Research and Demonstration Center for the Production of Large-Area Lithium-Ion Cells, In: G. 
Schuh, R. Neugebauer, E. Uhlmann (Eds.), Future Trends in Production Engineering: Proceedings of the First 
Conference of the German Academic Society for Production Engineering (WGP), Berlin, Germany, 8.-9. June 2011, 
Springer, Berlin, 2012, pp. 1–22.   
[4] A. Hess, R. Schuster, A. Heider, R. Weber, T. Graf: Continuous Wave Laser Welding of Copper with Combined Beams 
at Wavelengths of 1030 nm and of 515 nm: In: M. Schmidt, M.F. Zaeh, T. Graf, A. Ostendorf (Eds.), Lasers in 
Manufacturing 2011: LiM 2011, Elsevier, Amsterdam, 2011, pp. 88–94. 
[5] B. Schmieder: Laser cutting of graphite anodes for automotive lithium-ion secondarybatteries: Investigations in the edge 
geometry and heat affected zone, Proceedings of Spie, in: F. G. Bachmann, W. Pfleging, K. Washio, J. Amako, W. 
Hoving, Y. Lu (Eds.), Laser-based Micro- and Nanopackaging and Assembly VI: Laser-based Micro- and 
Nanopackaging and Assembly VI: Proc. SPIE, SPIE, San Francisco and California USA, 2012. 
[6] H. Hügel: Laser in der Fertigung: Strahlquellen, Systeme, Fertigungsverfahren, 2nd Edition, Teubner, Wiesbaden, 2007. 
